An immunohistochemical and morphometric study was performed on 363 trephine biopsies of the bone marrow derived from 127 patients with chronic myeloid leukemia at standardized end points before and after allogeneic bone marrow transplantation (BMT). The purpose of this investigation was to evaluate features of CD61 ؉ megakaryopoiesis related to successful engraftment. Further, we tried to elucidate possible associations of this lineage, including precursor cells, with the platelet count and reticulin fibrosis during the pretransplant and, specifically, post-transplant periods. A significant correlation was recognizable between the quantity of CD61 ؉ megakaryocytes and the platelet values before BMT and also after completed hematopoietic recovery. In the very early post-transplant period, which is associated with severe thrombocytopenia, patchy regeneration of disarranged hematopoiesis occurred, including dysplastic megakaryocytes. According to planimetric measurements after BMT, the atypical micromegakaryocytes characteristic for chronic myeloid leukemia disappeared, and the engrafted donor bone marrow revealed a prevalence of normal-size cells of this lineage. On the other hand, normalization of megakaryocyte size was absent in sequential examinations of the few patients with a leukemic relapse who had a predominance of atypical dwarf forms comparable with chronic myeloid leukemia. Before BMT occurred, reticulin fiber density was significantly correlated with the number of CD61 ؉ megakaryocytes and its precursor cell population. In 34 patients with myelofibrosis that occurred after myelo-ablative therapy and BMT, an initial regression was followed by an insidious recurrence of fibers concentrated in the areas of regenerating hematopoiesis. This postgraft reappearance of reticulin fibrosis was significantly associated with the quantity of megakaryocytes. Regarding engraftment parameters, pretransplant presence of (reticulin) myelofibrosis exerted a distinctive impact because of a delayed hematopoietic reconstitution according to standard clinical criteria. In line with this finding, slowed engraftment was also significantly related with higher pretransplant megakaryocyte and platelet counts.
with a reappearance of normal-size megakaryocytes. The current hypothesis for the pathogenesis of myelofibrosis involves the intramedullary release of certain growth factors from defective and abnormal megakaryocytes (13) (14) (15) , in particular involving precursors of this cell lineage (16, 17) . In the context of this complex functional association, the question arises whether the amount of reticulin fibers is correlated with the number of mature and immature megakaryocytes (promegakaryoblasts-megakaryoblasts) as well.
The present study histochemically and morphometrically investigated 363 sequential bone marrow trephine biopsies derived from 127 patients before and after allogeneic BMT for CML and was focused on correlations between number of CD61 ϩ megakaryocytes and platelet count; features of megakaryo-and thrombocytes accompanying successful or delayed engraftment and leukemic relapse; and association of megakaryopoiesis and their precursors with fiber density during the pretransplant and, specifically, post-transplant periods of hematopoietic recovery.
PATIENTS AND METHODS

Patients
We retrospectively evaluated 127 patients (75 men, 52 women; median age at time of BMT, 35 y) presenting with the first chronic (stable) phase of CML and allogeneic BMT. Patients received marrow grafts from human leukocyte antigen-compatible family members or from unrelated donors at a single referral transplantation center; standard procedures were followed. Details regarding history, clinical findings, and treatment characteristics have been reported in detail elsewhere (2) . Homogeneity of the cohort we studied concerning specifications of relevant transplant-associated data was established by including about 80% sibling donors, with more than 70% having an identical human leukocyte antigen constellation and the same conditioning regimen (pretransplant myelo-ablative treatment) in 90% of patients. The end point of hematologic reconstitution with normal graft function was assumed if patients achieved transplantderived absolute neutrophil counts greater than 0.5 ϫ 10 9 /L and self-sustaining thrombocyte counts exceeding 20.0 ϫ 10 9 /L until 30 days after BMT. Delayed engraftment was diagnosed if these thresholds were not present at Day 30, and graft failure was declared if cell counts did not reach these levels at standardized end points (Table 1) . After BMT, a successful engraftment according to the abovementioned standard criteria (1-7) was established in 95 patients, a delayed hematopoietic reconstitution in 32, primary failure to engraft in 4, and a leukemic relapse in 19 during a post-transplant observation time ranging from 1 to 10 years.
Bone Marrow Biopsies
Bone marrow trephine biopsy samples were taken from the posterior iliac crest at significantly different intervals before and after BMT. For this reason, standardized end points have been chosen so that we may properly assess all the parameters under study. These standardized end points are outlined in detail in Table 1. Fixation of samples was carried out in a lowconcentrate phosphate-buffered aldehyde solution (2 to 3%) for 12 to 48 hours. Further processing included decalcifying the samples for 3 to 4 days in 10% buffered ethylenediamine tetra-acetic acid, pH 7.2, embedding them in paraffin, and using several routine staining techniques, which involved Giemsa staining, periodic acid-Schiff (periodic acid-Schiff reagent), naphthol-AS-D-chloroacetate esterase, Perls' reaction for iron, and a silver impregnation method (Gomori's technique). For specific staining of megakaryopoiesis, the monoclonal antibody Y 2 /51 directed against CD61 (anti-platelet glycoprotein IIIa) was applied (18) . As has been previously recorded, identification of mature megakaryocytes and precursor cells of this lineage (promegakaryoblasts and megakaryoblasts) was achieved not only by regarding their different staining reactions with periodic acid-Schiff (mature megakaryocytes) and CD61 (total megakaryopoiesis), but also by their morphology (19) .The monoclonal BMT, bone marrow transplantation. antibody Y 2 /51 (CD61) and other reagents were purchased from Dako-Diagnostica GmbH (Hamburg, Germany). Details of staining procedures (APAAP method) have been previously reported (10, 19) .
Morphometry
After periodic acid-Schiff reaction, silver impregnation, and immunostaining with CD61, morphometric analysis was performed by two manual optic planimeters (VIDAS-Zeiss-Kontron) and a specially developed program set (Optimas software) on large trephine biopsies with an artifact-free mean marrow area of 15.4 Ϯ 4.6 mm 2 . Frequencies of periodic acid-Schiff-and CD61-positive megakaryocytes (CD61 ϩ ), including atypical microforms and immature elements (pro-and megakaryoblasts), were calculated per square millimeter of marrow area by regarding the total biopsy specimen. Planimetric measurements of megakaryocyte size and allied parameters was carried out on CD61-stained biopsies and involved 6278 megakaryocytes in a randomly selected number of 25 patients with multiple representative examinations before and after BMT. After silver impregnation, density of argyrophilic (reticulin-collagen) fibers was determined by the point-intersection method by use of an ocular grid. Thus, the amount of fibers was expressed as intersections per area (expressed in square millimeters) of hematopoietic tissue (cellularity). Reference to cellularity was necessary to avoid the erroneous impression of a reduction in megakaryocyte numbers and fiber density after an expansion of adipose tissue or interstitial edema. This feature was particularly prominent after marrow-ablative therapy and during the post-transplant period in patients who experienced delayed hematopoietic recovery. For assessment of the transplant-specific changes in megakaryopoiesis, data on an age-matched control group of 25 patients (11 men and 14 women) were also included.
Statistics
Statistical analysis included calculation of correlation coefficients between hematologic and morphometric variables and Student's t test as well as the nonparametric Mann-Whitney U test to compare differences in mean values at pretransplant and post-transplant end points.
RESULTS
At diagnosis, the CML bone marrow was not only characterized by a predominance of granulocytic proliferation but also by a striking variability in the growth of atypical micromegakaryocytes (Figs. 1a, 2a). A significant correlation between the number of CD61 ϩ megakaryocytes and the platelet count was recognizable in the trephine biopsy samples taken before BMT (Fig. 3) . Compared with their pretransplant quantity after myelo-ablative therapy and BMT, frequency of this lineage, including precursor cells, decreased significantly (Table 2 ). This reduction was demonstrable in the first biopsies performed at Day 9 after BMT and was associated with severe thrombocytopenia that required appropriate supportive treatment. Contrasting normal bone marrow features trephine biopsies taken at this very early post-transplant period revealed not only a decrease in cellularity, but also a significant disarrangement of regenerating hematopoiesis occurring within patchy areas. Especially in patients with delayed engraftment, a conspicuous so-called scleredema of the interstitial space could be recognized (Fig. 1b, 1c) , as well as megakaryocytes revealing a remarkable dysplastic aspect (Fig. 1b) .
Cytologic abnormalities of megakaryocytes shortly after BMT were reflected by a corresponding shift of the nuclear-cytoplasmic ratio in comparison to later end points of examination (Table 3) . Moreover, this stage presented with a significantly lowered platelet number (Table 2) , probably because of an impaired thrombocyte shedding. In most patients, substantial regeneration of megakaryo-and thrombopoiesis started between Day 20 and Day 30. Hematopoietic reconstitution was accompanied by a raise in the platelet values (Table 2) , which, however, may be influenced to a certain degree by transfusion therapy. After platelet (and granulocyte) transfusion dependency, approximately 2 to 4 months later (End Points 3 and 4), thrombocyte counts were at the lower normal range in most patients and were accompanied by a significantly correlated number of megakaryocytes (Fig 3) . In opposition to atypical micromegakaryocytes (Figs. 1a, 2a) characterizing the pretransplant bone marrow samples in patients with CML (Table  3) as well as the dysplastic megakaryocytes (Fig. 1b) immediately after BMT (End Point 2), postgraft histology revealed an enlargement of these cells with an almost normal appearance (Fig. 1c) . A prevalence of normal-size megakaryocytes was observable, together with the onset of erythropoietic regeneration in the post-transplant period after successful hematopoietic recovery (Fig. 1d) .
In comparison with normal bone marrow features, postgraft quantity of immature megakaryocyte precursors (Fig. 2a-c) slightly increased, which indicated a left-shifted (regenerating) megakaryopoiesis (Table 2) . Planimetric measurements at these end points were in keeping with the finding that in the majority of patients, a normalization of megakaryocyte sizes occurred (Table 3) . On the other hand, reappearance of atypical micromegakaryocytes in the prolonged post-transplant period was a definitive sign of leukemic relapse and was in line with the recurrence of a Ph 1ϩ cell population (Fig. 1g) . This feature is shown in a patient with an increasing number of Ph 1ϩ metaphases in sequential biopsies less than 2 years after BMT (Fig.  4) .
Before BMT (End Point 1), fiber density was not only significantly correlated (r ϭ 0.351, P Յ .01) with the total number of CD61 ϩ -megakaryocytes (Fig. 3 ), but also with the fraction of atypical micromegakaryocytes and precursor cells (r ϭ 0.388, P Յ .01). The latter were consistent with pro-and megakaryoblasts (Fig. 2b, 2c) . In 34 patients with pretransplant myelofibrosis corresponding with an at least threefold increase in the normal fiber density (Fig. 2d) , an insidious reappearance of reticulin fibrosis was noticeable in the areas of hematopoietic reconstitution after marrow-ablative therapy and BMT (Fig. 2e, 2f) . However, retrieval of early to moderate myelofibrosis was not strictly limited to the cohort with pretransplant myelofibrosis, but was also developed in several patients without substantial fiber increase at onset. Contrasting with the undisturbed regeneration of hematopoiesis, including normal-size, nondysplastic megakaryocytes (Fig. 2g) , this recurrence appeared mostly within the 2nd and 3rd month of bone marrow examination after BMT. Recurrence of patchy myelofibrosis involved 9 patients at End Point 2 and 14 patients at End Point 3 (Table 1) . In these cases, reappearance of a relevant amount of reticulin fibers in the areas of recovering hematopoiesis (Fig. 2f) was significantly associated (r ϭ 0.325, P Յ .01) with the quantity of megakaryocytes and as well as the amount of megakaryocyte precursors.
Regarding engraftment parameters, pretransplant (End Point 1; Table 1 ) fiber density exerted a distinctive impact on hematopoietic reconstitution. After BMT at End Point 3 (38 Ϯ 4d; Table 1), 11 of 41 patients showed delayed engraftment according to standard criteria. In keeping with features previously mentioned, this cohort was characterized by a significant increase in reticulin fibers and a tendency for a higher megakaryocyte count compared with the group with successful hematopoietic regeneration. Further, patients with disturbed engraftment and leukemic relapse had significantly higher CD61 ϩ megakaryocytes counts (Table 4) . Similar findings were also found for the pretransplant (End Point 1; Table 1 ) platelet count. Here, a significant (P Յ .03) difference of values (384 Ϯ 306 versus 486 Ϯ 336 ϫ 10 9 /L) could be determined between successful as opposed to slowed engraftment.
DISCUSSION
Although extensive experience has established the widespread use of allogeneic BMT as the only curative treatment option for CML (1, 3, 5, 20) , little information exists about the evolution of morphologic features (21) (22) (23) , which reflects corresponding clinical data in the post-transplant period (1-7) . Because the present study was focused on megakaryopoiesis and reticulin fibers, their mutual involvement in the generation of the myelofibrotic stroma compartment has to be regarded. In the last decade, several relevant in vitro studies have substantially increased our knowledge about the complexity and diversity of the functional interactions between abnormal megakaryocytes and the pathogenesis of myelofibrosis (13) . These observations have led to the generally accepted notion that an inappropriate intramedullary release of certain growth factors (platelet-derived growth factor and transforming growth factor ␤) stimulates proliferation of nonclonally transformed fibroblasts and mediates an enhanced deposition of interstitial and basement membrane collagen (14, 15) . These close biological relationships were able to explain the frequently detectable histotopographical proximity between atypical megakaryocytes and the ensuing network of reticulin fibers (8 -12, 24) .
The current hypothesis for the pathogenesis of myelofibrosis was further supported by findings in patients with acute micromegakaryocytic leukemia. Significant correlations could be determined between in vitro growth factor release, bone marrow stroma turnover, and mass of atypical micromegakaryocytes (16, 17) . In line with these results, significant associations between the number of CD61 ϩ megakaryocytes and their precursor fraction with the content of argyrophilic (reticulin-collagen) fibers were calculable by morphometric quantification (24) . The present study extends these findings in that our data indicate that in the post-transplant period, regeneration of megakaryopoiesis is not only linked with a reduction of transfusiondependent thrombocytopenia, but may be also associated with an insidiously occurring retrieval of reticulin fibrosis in the engrafted marrow. This feature was predominantly expressed in those patients with CML with a manifest myelofibrosis before BMT, but occasionally it may develop also in the pregraft nonfibrotic bone marrow. The assumption that normal (i.e., nonclonally transformed) megakaryocytes of the donors are capable of growth factor release and fibroblast stimulation is in keeping with corresponding in vitro findings on isolated and enriched megakaryocytes derived from healthy donors (25-27). BMT, bone marrow transplantation; CML, chronic myeloid leukemia.
In this context, it is tempting to speculate that the pretransplant conditioning regimens not only generated space or microenvironmental niches for the regeneration of the hematopoietic stem cells of the donor, but also could have failed to ablate totally all cell populations of the recipient. The latter may in particular apply to the more resistant cells, such as fibroblasts or fibrocytes (28) . Experimental data are in line with the finding that depending on the mode of marrow-ablative treatment (29) , the microenvironment remains qualitatively altered several months after BMT. This implies a decreased capacity to support regenerating hematopoiesis and cytokine secretion (30) . Moreover, bone marrow fibroblasts of patients with CML revealed a tendency for an increase growth and collagen synthesis (31); however, they display no clonal evolution (32) (33) (34) . For this reason, it is presumed that stimulated nonclonal fibroblasts of the recipient patient involved in pregraft myelofibrosis may have survived myeloablative therapy. Accordingly, they are able to exert a corresponding effect on the cytokine-mediated development of post-transplant fibrosis in the donor marrow. Taken together, the data presented here support the postulated functional relationships between megakaryopoiesis, cytokine, and growth factor release involved in the synthesis of myelofibrotic extracellular matrix proteins (13) (14) (15) .
Compelling evidence has been produced that in CML, megakaryopoiesis is characterized by the predominance of atypical microformes showing a dwarf-like appearance with dense hypolobulated nuclei (8 -11, 19, 24) . In addition, it has been pointed out that megakaryocyte size, nuclear size, degree of nuclear lobulation, and ploidy were significantly correlated with each other (35) . After a number of investigations involving different techniques such as flow cytometric analysis, determination of DNA content, and size and ploidy measurements, it has been demonstrated convincingly that opposed to the normal state, in CML, the majority of megakaryocytes are not only very small but also hypoploid (36, 35) . For this reason, presence of micromegakaryocytes in patients presenting with thrombocytosis is a diagnostic hallmark of CML: they distinguish this condition from the other eventually thrombocythemic subtypes of chronic myeloproliferative disorders (37) (38) (39) .
Furthermore, fluorescence in situ hybridization reveals that a normalization of megakaryocyte size after interferon-␣ therapy in CML is significantly associated with a loss of the bcr/abl translocation sites. Therefore, this feature indicates a (partial) recovery of normal hematopoiesis (40) . Consequently, the increased number of normal-size megakaryocytes in the post-transplant period (Table 3) implies an absence of a leukemic cell population, which is in accordance with corresponding cytogenetic and molecular-biological findings in these patients. In support of this fact, reappearance of abnormal micromegakaryocytes was compatible with the clinical finding of a leukemic relapse (Fig. 1e) . This feature emphasizes the impact of a scrutinized histologiccytologic assessment of megakaryopoiesis in the posttransplant period for the early detection of an eventually occurring expansion of the leukemic cell lineage.
A significant correlation between platelet count and quantity of megakaryocytes was determinable in the CML bone marrow before BMT and after completed hematopoietic reconstitution (Fig. 3) . Although in the early post-transplant period (End Point 2; Table 1 ) the number of megakaryocytes reached the lower limit of the normal value (10), there was a transfusion-dependent thrombocytopenia (Table 2) . It is well known that after myeloablative therapy, significant damage of the bone marrow stromal compartment occurs that greatly hampers the normal function of the microenvironment (30) . Corresponding lesions are demonstrable by a conspicuous scleredema and abnormal cytology of regenerating hematopoiesis (23) . The dysplastic features that in particular are observable in megakaryocytes (i.e., a striking increase in the nuclear-cytoplasmic ratio) may account for a functional impairment of platelet shedding (22, 23) and are grossly comparable with situations encountered in myelodysplastic syndromes. Regeneration of regular-size megakaryocytes with nondisturbed cytology resembling the normal state (10) is evident only after Day 20 after BMT (Table 3) .
Finally, discussion and controversy arises when addressing the relevance of bone marrow fibrosis for hematopoietic engraftment after marrowablative therapy and BMT. There seems to be general agreement that myelo-ablative regimens are causing a significant reversal of myelofibrosis (21) (22) (23) 47 ). In the beginning, this fibrolytic effect is also observable in the bone marrow specimens of patients who present with manifest reticulin fibrosis before BMT. On the other hand, a retrieval of reticulin fibrosis accompanied by an increased number of megakaryocytes was observed in the areas of regenerating hematopoiesis several months after BMT (Fig. 2e, 2f ) and predominantly in those patients with unsuccessful engraftment. A conflict of opinion has been repeatedly expressed concerning the influence of myelofibrosis on engraftment parameters. To date, relevant studies included series of patients with myelofibrosis accompanying a heterogeneous variety of underlying conditions. These ranged from agnogenic myeloid metaplasia to myelodysplastic syndromes and malignant lymphomas (42, 43) .
In contrast to the previously published data that severe myelofibrosis was responsible for a signifi-cantly slower rate of myeloid recovery and a longer dependence on platelet and red blood cell transfusion (42), this result was not supported by a consecutively conducted study from the same group (43) . According to our findings, which are exclusively based on patients with CML and which involved morphometric quantification with standardized end points during the post-transplant period, a relevant myelofibrosis impairs successful bone marrow engraftment. In keeping with the significant functional relationship between megakaryocytes and generation of fibers (13) (14) (15) (16) (17) , an adverse outcome (delayed engraftment and leukemic relapse) was associated with an increased number of megakaryocytes before BMT and a correspondingly higher pretransplant platelet value with a delayed engraftment.
In conclusion, histologic and morphometric evaluations on repeatedly performed bone marrow trephine biopsies in patients before and after BMT for CML at standardized end points provide persuasive evidence for a close relationship between megakaryocyte number and size and the outcome of engraftment and also between megakaryopoiesis, including precursors and generation of (reticulin) fibrosis.
